ABSTRACT. Transdisciplinary approaches that consider both socioeconomic and biophysical processes are central to understanding and managing rapid change in coral reef systems worldwide. To date, there have been limited attempts to couple the two sets of processes in dynamic models for coral reefs, and these attempts are confined to reef systems in developed countries. We present an approach to coupling existing biophysical and socioeconomic models for coral reef systems in the Mexican state of Quintana Roo. The biophysical model is multiscale, using dynamic equations to capture local-scale ecological processes on individual reefs, with reefs connected at regional scales by the ocean transport of larval propagules. The agent-based socioeconomic model simulates changes in tourism, fisheries, and urbanization in the Quintana Roo region. Despite differences in the formulation and currencies of the two models, we were able to successfully modify and integrate them to synchronize and define information flows and feedbacks between them. A preliminary evaluation of the coupled model system indicates that the model gives reasonable predictions for fisheries and ecological variables and can be used to examine scenarios for future socialecological change in Quintana Roo. We provide recommendations for where efforts might usefully be focused in future attempts to integrate models of biophysical and socioeconomic processes, based on the limitations of our coupled system.
INTRODUCTION
The socioeconomic welfare of millions of people in coastal populations worldwide depends on ecosystem services provided by coral reefs (Moberg and Folke 1999) . However, reef ecosystem function, and hence the provision of ecosystem services, is at severe risk because of human activities (Hoegh-Guldberg et al. 2007, Mumby and Steneck 2008) . Management of these threats requires novel approaches to decision making (Mumby and Steneck 2008 , Sale 2008 , Bradbury and Seymour 2009 . Although successful management must be based on sound ecological science, the utility of environmental management depends critically on human behavior (Mascia et al. 2003) ; human behavior affects reef state, and reef state affects human behavior on and around reefs. Hence, there is a need for transdisciplinary efforts to develop decision-support tools for coral reef management (Bradbury and Seymour 2009) . Coral reef research to date has tended to focus on either biophysical dynamics or, to a lesser extent, socioeconomic dynamics. Even when considered separately, biophysical and socioeconomic systems are complex and difficult to understand, and the interactions between the two are necessarily complex (Dizon and Yap 2006) . This complexity is exacerbated by differences in language, conceptual frameworks, and approaches to modeling across ecology and socioeconomics (Gurney et al., unpublished manuscript) . Nonetheless, recent research on "social-ecological" systems has helped to both capture and improve understanding of some of this complexity and has begun to develop common frameworks for integrating knowledge (Cinner et al. 2009 , Ostrom 2009 ). However, simulation models, which are useful tools for understanding complex systems (Aumann 2007) , are relatively underused in social-ecological Ecology and Society 16(3): 23 http://www.ecologyandsociety.org/vol16/iss3/art23/ research and integrated environmental management (Gurney et al., unpublished manuscript) .
The focus of the work described was to (i) explore how more complete representations of socialecological reef systems could be created by coupling existing "single focus"(biophysical or socioeconomic) models, (ii) provide some evaluation of the coupled product, and (iii) identify key challenges and knowledge gaps for future, more complete, model development. A completely comprehensive representation of a reef system was not the intent of this study, and as such, the extension of the models to incorporate missing feedbacks and the exploration of alternative formulations by means of sensitivity analysis were considered beyond the aims and scope of the work presented here.
Approaches to Modeling Social-Ecological Systems
Only a limited number of published simulation models have attempted to couple biophysical and socioeconomic dynamics for coral reef systems. Existing models deal mostly with fisheries management (e.g., McClanahan 1995 , Gribble 2003 , Kramer 2007 , Little et al. 2007 , Shafer 2007 , although Gray et al.'s (2006) model also includes major industries such as shipping, oil and gas production, and salt extraction. The general approach to building these models has been to develop ecological and socioeconomic (or resource exploitation) "modules" that interact as part of a broader social-ecological system. This has the dual advantages of drawing on expertise from different disciplines in the development of separate modules, and fostering transdisciplinary approaches to the definition of interactions between modules. The coupled systems developed by Gribble (2003) , Gray et al. (2006) , and Little et al. (2007) apply for coastal systems in Australia, whereas Shafer's (2007) model is for reef dynamics in Hawaii. Given that the majority of people who depend on reef systems live in developing countries and not in developed nations like Australia and the United States (Cesar et al. 2003) , research to create (social-ecological) decision-support tools for reef managers in developing countries is an important and urgent challenge.
Here, we demonstrate an approach to coupling biophysical and socioeconomic models for coral reefs in the state of Quintana Roo, on the Caribbean coast of Mexico. These models have been developed separately using different platforms and have likewise been calibrated and validated separately (Perez et al. 2009 , Melbourne-Thomas et al. 2011b ). The biophysical model, CORSET (Coral Reef Scenario Evaluation Tool) has been applied to the Meso-American reef system off the Caribbean coasts of Mexico, Belize, and Honduras, whereas the socioeconomic model (SimReef) describes dynamics specific to Quintana Roo. In the following sections, we discuss management issues facing reefs in Quintana Roo and give brief descriptions of SimReef and CORSET. We then describe our stepwise approach to coupling the models and assess the behavior of the coupled system by comparing model outputs with empirical data and examining changes in coral cover under hypothetical scenarios for increases in the number of tourists visiting the region. We demonstrate that separate modeling tools can be integrated successfully and urge that informed management of coral reefs in the future will employ tools of this kind.
CORAL REEFS IN QUINTANA ROO
The Mexican state of Quintana Roo occupies the eastern portion of the Yucatan Peninsula (Fig. 1) . Fringing reef systems extend along the mainland coast and around the Island of Cozumel, and the state also includes the offshore atoll of Banco Chinchorro (Fig. 1B) . These reefs provide important ecosystem services for coastal populations in Quintana Roo; they protect the coast from erosion, moderate the damaging effects of hurricanes, sustain subsistence and commercial fisheries, supply sand for beaches, and generate recreational opportunities (Cinner and Pollnac 2004) . Recent census data indicate a population of over one million, and annual tourist visits in the order of eight million (Sistema Estatal de Información Geográfica y Estadistica (SEIGE) 2010: Turismo). Demographic growth over the last 30 years (mainly as migration from neighboring states) has been fuelled by a rapid growth in tourist numbers (Daltabuit et al. 2006) . Tourist resorts are highly concentrated in the northern part of the Quintana Roo coast from Cancun to Playa del Carmen on the mainland, and on the island of Cozumel (Fig. 1B) ; coastal development is rapidly extending southward (Jordán-Dahlgren and Rodríguez-Martínez 2003) . The construction of hotels close to the coast has resulted in increased sedimentation, which has negative consequences for reef health (Murray Fig. 1 . Maps indicating the location and spatial extent of the model region, with the Mexican state of Quintana Roo shaded in dark gray in (B). The location of coral reefs is indicated in red and includes both fringing reefs and the offshore atoll of Banco Chinchorro. The Sian Ka'an Biosphere Reserve, which is the largest protected area in Quintana Roo, is indicated in light gray (between Tulum and Majahual). Dashed lines delineate the four municipalities used in the coupled model.
2007
). Furthermore, waste water and sewage from resorts and urban areas are generally untreated and are likely to have affected coral reefs in the region (Murray 2007) , particularly given that the transport of liquid wastes is facilitated by the highly porous karst geology of the Yucatan Peninsula (Perry et al. 2009 ).
Coral reefs in Quintana Roo have been subject to intense artisanal fishing since the 1960s (Burke et al. 2004) , and overexploitation of fishing resources is considered to be an important environmental impact in the region (Zárate Lomelí et al. 1999) . Key fisheries are the Caribbean spiny lobster (Panuliris argus), reef fish, and sharks, and these fisheries are commonly managed by fishing cooperatives that may have concessions to fish within protected areas such as the Puerto Morelos marine protected area (Rodríguez-Martínez 2008) and the Sian Ka'an Biosphere Reserve (AriasGonzález et al. 2004) . The queen conch (Strombus gigas) fishery has traditional significance in Quintana Roo, but its deterioration has been such that now it is fished only at Banco Chinchorro and Cozumel (Arenas Fuentes and Jiménez Badillo 2007) . Chronic stressors in the form of overfishing and pollution from coastal development are likely to reduce the resilience of reef systems to disturbances such as hurricanes and coral bleaching events. This effect has been demonstrated for reefs in Belize and Honduras through the use of coral growth records (Carilli et al. 2009 ). Reduced resilience is of particular concern given projected increases in the frequency of intense Atlantic hurricanes and coral bleaching events in coming decades (Donner 2009 , Bender et al. 2010 . Localscale, community-oriented programs for sustainable management of reef resources have been documented for Quintana Roo (Rodríguez-Martínez 2008) , but Mexico has no integrated coastal management programs at regional or national scales (Bezaury-Creel 2005) .
Previous modeling efforts for the humanenvironment system in Quintana Roo have examined future scenarios for population growth, tourism, and land-use change (Lutz et al. 2000) . However, these models are not integrated and have http://www.ecologyandsociety.org/vol16/iss3/art23/ not been calibrated or validated, and so are limited to exploratory and heuristic applications. Ecological modeling studies for the region (AriasGonzález 1998, Arias-González et al. 2004 ) used non-spatial Ecopath platforms to examine differences in trophic structure between protected and non-protected areas, but much of the structure and dynamics of coral reefs is influenced by processes other than trophic ones (e.g., Hastings 2008, Melbourne-Thomas et al. 2011a ). There is a need for tools that encapsulate the complex social-ecological drivers for the Quintana Roo reef system in a spatially explicit manner and in a way that includes all elements of the broad dynamic of the entire reef system in the region. Such tools would be better placed to assist managers to evaluate alternative options to manage coral reef systems at regional scales.
SIMREEF: A SOCIOECONOMIC MODEL FOR THE QUINTANA ROO COASTAL SYSTEM
SimReef is an agent-based modeling tool developed for the Quintana Roo coastal system (Perez et al. 2009 ) that simulates socioeconomic processes that affect reef function. Importantly, local experts and stakeholders participated interactively in the design phase. SimReef is implemented in the SmallTalk language of the Cormas platform (Bousquet et al. 1998) , using the open-source, object-oriented program VisualWorks (Cincom Systems, Cincinnati, Ohio, USA) NonCommercial v7.6. The model is structured around four components: (i) fisheries, (ii) tourism, (iii) urbanization, and (iv) reef ecology. Components (i)-(iii) are modeled at the scale of "economic development areas," which correspond approximately with the four municipalities identified in Fig. 1B , whereas reef ecology is modeled at the scale of reef cells (each with an area of approximately 25 km 2 ). SimReef uses a gridded base map that identifies the location of resorts, urban areas, and different habitat types ( Fig. 2A) . The base map is geographically distorted to emphasize areas of ecological and tourism importance. It includes recognizable features of the Quintana Roo region, namely: major cities, Mayan sites, the island of Cozumel, the offshore atoll Banco Chinchorro and the Sian Ka'an Biosphere Reserve. The model has been validated against population growth data for economic development areas of Quintana Roo (Cancun, Cozumel, Riviera Maya, and Costa Maya) for the period 1994-2005 (Perez et al. 2009 ).
The fisheries component of SimReef models fishing activity for coastal vessels (one to two fishers on board), high sea trawlers and prawn trawlers (five to 10 fishers on board). A simple micro-economic model calculates vessel incomes on a monthly basis using seasonal average catches and approximate market prices for fish, prawns, and lobsters (SEIGE 2010: Pesca) . Fishing fleets (comprising 10 vessels) assess the seasonal profitability of their fishing grounds and can select alternative fishing areas based on previous catches. There is no interaction between fishing fleets. Fleets are declared bankrupt when they are unable to meet salary costs over a 1-year period.
The tourism component of the model simulates resort development and job creation based on the flow of tourists entering Quintana Roo. Tourist flow is modeled using historical monthly tourism figures (SEIGE 2010; Turismo) and so is effectively a forcing variable. The location of new resorts is based on available land area adjacent to the coast. The tourism component of SimReef resolves different categories of resorts, i.e., one-, three-, and five-star resorts (where the category of new resorts is determined by the number of tourist visits), with higher accommodation and employment capacities as well as greater environmental impacts for higher category resorts (Ávarez Gil et al. 2001) . The relationship among environmental impact, resort size, and resort quality is a problematic one, as research suggests that larger, better quality chain hotels tend to have better environmental management systems (Ávarez Gil et al. 2001) . However, the overall resource consumption, and therefore, the impact on reefs stemming from activities such as construction and waste-water flows, will still generally be greater from larger hotels of a higher standard (Bohdanowicz and Martinac 2007) .
The urbanization component of SimReef assumes a direct link between employment levels in the tourism industry (as determined by the number and category of resorts) and population growth; this relationship is broadly supported by census and employment data for Quintana Roo (SEIGE 2010; Población, Turismo) . Urban areas expand adjacent to resort areas and are assumed to have an environmental impact correlated with population size. The environmental impact of resorts and urban areas is represented in the model by means of a simple "environmental impact index" derived from the number of resorts and the extent of urban areas http://www.ecologyandsociety.org/vol16/iss3/art23/ in each economic development area. Finally, the reef ecology component of SimReef uses a highly simplified representation of local-scale ecological dynamics to model changes in coral cover, algal cover, herbivorous fish biomass, and piscivorous fish biomass, after the models of Fung (2009) and Fung et al. (2011) . Fishing activity depletes herbivorous and piscivorous fish stocks, and fishermen are presumed to target piscivorous fish preferentially (Pauly et al. 1998 ). Lobsters and prawns are not included in the reef ecology component; they act as passive stocks that are depleted by fishing activity and have a certain probability of regeneration. SimReef's environmental impact index has no effect on local-scale ecological processes in the stand-alone model; it is simply used as an "indicator" of simulated coastal development.
CORSET: A MULTI-SCALE BIOPHYSICAL MODEL FOR MEXICAN CARIBBEAN REEFS
CORSET (Coral Reef Scenario Evaluation Tool) is a multi-scale simulation model for a general coral reef system (Melbourne-Thomas et al. 2011b). http://www.ecologyandsociety.org/vol16/iss3/art23/ Local-scale ecological dynamics are represented using mean-field equations, and these dynamics are coupled across regional scales by larval dispersal. CORSET uses a "functional group" approach to model interactions between two types of corals (brooding and broadcast spawning species), two types of non-calcareous algae (fleshy and foliose macroalgae and turf algae), the heavily grazed epilithic algal community, which includes nongeniculate coralline algae, herbivorous fish, smallto intermediate-sized piscivorous fish, large piscivorous fish, and sea urchins. Benthic covers of coral and algae and the biomasses of fish and sea urchins are modeled in each reef cell of a gridded base map using a weekly time step. Parameters that describe local-scale ecological processes are selected at random from predefined ranges derived from empirical observations. Parameter values vary between simulation years and between reef cells so that CORSET is stochastic. The model includes representations of "natural" disturbances (hurricanes and disease), broad-scale anthropogenic impacts (coral bleaching events), and direct human impacts (harvesting, nutrification, and sedimentation) as external forcings. CORSET is implemented in the open-source, object-oriented Python Programming Language (Python Software Foundation, Hampton, New Hampshire, USA) version 2.5, and is available online at www.reefscenarios.org. A version of the model for the Meso-American Reef systemincorporating coral reefs off the coasts of Mexico (Quintana Roo), Belize, and Honduras-has been validated for the period 1980 (MelbourneThomas et al. 2011b ).
MODEL COUPLING
Our general approach to coupling SimReef and CORSET was to replace the simplified ecological dynamics in SimReef with the more complex (and realistic) biophysical dynamics described by CORSET. Because the models differ in extent, spatial resolution, and updating time step, the model coupling required modifications to both models, and spatial and temporal synchronization of processes. The crux of the coupling was the definition of information flows and feedbacks between socioeconomic and biophysical "modules." These steps are described in the following sections, together with a brief discussion of external drivers for the coupled system and a preliminary assessment of model behavior.
Modifications to SimReef and CORSET
To achieve compatibility between the socioeconomic and biophysical models, we made three modifications to SimReef and two modifications to CORSET. The first modification to SimReef was to translate the model into Python (the language in which CORSET is implemented). We chose to translate SimReef, rather than integrating models based on different platforms (as in Villa and Costanza 2000) , for two reasons, namely that Python is object-oriented and so is an appropriate language for agent-based models such as SimReef, and because the effort of synchronizing the two models developed on different platforms would have outweighed the effort required to translate SimReef. During the translation process, we removed SimReef's high-seas fleet dynamics, as these do not relate to the coral reef dynamics that are the focus of the coupled system. We also incorporated a limit to the distance travelled by vessels in the coastal fleet of 100 km per fishing trip. This is a more realistic assumption than allowing vessels to fish over the entire region, given that each vessel must return to its home port and the duration of fishing trips is limited by the amount of fuel that can be carried.
The two modifications made to CORSET were to add population dynamics for spiny lobsters and to modify the larval dispersal scheme. Lobster catches account for approximately two-thirds of the total fisheries profits for Quintana Roo (Instituo Nacional de Estroística Geografia e Informática (INEGI) 2005) and so are clearly an important component of the socioeconomic system for this region (even though, as a functional group, lobsters do not play a prominent role in influencing the broad-scale ecological dynamics). We introduced the following equation for lobster population dynamics into CORSET:
Where dL/dt is the rate of change in lobster biomass L (in kg/km 2 ). The parameter r L is the intrinsic growth rate for lobster biomass = 0.335 yr -1 and k L = 700 kg/km 2 is the carrying capacity for lobster populations (Food and Agriculture Organization 2003) . The growth of lobsters might have been modeled in discrete steps, reflecting the molting process of arthropods (as in Butler et al. 2005) (SEDAR 2005) . Published estimates are not available for the recruitment rate of 1-yr-old lobster post larvae (l L ), but we derived a theoretical range for this parameter based on published values for mean monthly settlement density (0.041 settlers/m 2 for reefs in Florida; Butler et al. 2001 ) and the weight of yr-old lobster recruits (Chávez 2001) . By assuming settlement densities were 50% of the value reported by Butler et al. (2001) and using their estimate of between 96%-99% post-settlement mortality, we estimated a theoretical range for l L = 0 -6 x 10 3 kg km -2 yr -1
(the lower bound of this range was extended to zero to account for the possibility of recruitment failure for particular localities). We assumed that lobster recruitment is not dependent on local stocks, i.e., no L multiplier is included for thel L parameter in Eq. 1. This reflects the very long dispersal period of P. argus larvae (an average of 174 days; Goldstein et al. 2008) , which means that local-scale recruitment to natal reefs and their near vicinity is likely to be low. Finally, f L is the fishing pressure on lobsters, which is dynamically derived from the socioeconomic module of the coupled model. The modified version of CORSET uses a discrete-time version of Eq. 1, which is solved using the Euler method (with a weekly time step).
The second modification to CORSET was to adjust the larval dispersal scheme to represent larval connectivity between coral reef locations in Quintana Roo, rather than for the whole of the MesoAmerican Reef system (including Belize and Honduras). Larval dispersal is represented in CORSET by larval connectivity matrices that describe transition probabilities for larvae originating in each reef cell reaching (and settling in) every other reef cell in the model domain. These probabilities are derived from sophisticated larval transport simulations that consider both hydrodynamics and larval behavior (Paris et al. 2007 
Synchronizing the Models
Modified versions of SimReef and CORSET were synchronized by means of a common base map (spatial synchronization) and synchronized time steps (temporal synchronization). The revised base map for the coupled model is spatially realistic and the location of reef cells is properly georeferenced (Fig. 2B) . This map comprises a 2 km x 2 km grid that is divided into four "municipalities," which replace the economic development areas used in SimReef. Temporal synchronization of the models did not require the biophysical and socioeconomic modules to use a common time step; biophysical dynamics in the coupled model are updated every week (as in CORSET) and socioeconomic dynamics use a monthly time step (as in SimReef). Information is passed between the two modules every month, and coupled model output is recorded for each year. Because CORSET is stochastic, the coupled model is also stochastic. In the following section, we discuss the nature of information flows between socioeconomic and biophysical modules of the coupled model. 
Defining Information Flows and Feedbacks
The primary information flows between the biophysical and socioeconomic modules of the coupled model are summarized in Fig. 3 . Tourist resorts and urban areas affect water quality, which is a driver for coral and algal cover. Decreased water quality is modeled using a "pollution index" based on the environmental impact index in SimReef. The pollution index for each reef cell is based on the pollution value for the nearest resort or urban cell, where pollution value = 1.0 for three-star resorts, 3.0 for five-star resorts, and 5.0 for urban cells. These values scale inversely with the straight-line distance (in number of cells) from the pollution source to each reef cell. Cells with a scaled pollution index of >0.5 are assumed to be subject to nutrification and sedimentation impacts. These impacts are detailed in Melbourne- Thomas et al. (2011b) and act to decrease coral growth and recruitment while increasing coral mortality and the growth rate of macroalgae. We note that because quantitative information on nutrient and sediment inputs from coastal development in the region is not currently available, pollution values for resorts and urban cells in SimReef and in the coupled model are unit-less and subjectively selected.
Harvesting of lobsters, herbivorous fish, and piscivorous fish is based on fleet dynamics as in SimReef, with fishing pressure resulting in a direct reduction in fish and lobster biomasses. Fleet dynamics are modeled at the scale of municipalities, with one major port for each municipality (Fig. 2B ). The coupled model includes a feedback for fishing activity where fleet dynamics affect fish and lobster stocks, which in turn determine fisher behavior (i.e., the selection of fishing grounds). As in SimReef, a fleet can go bankrupt if its income is insufficient to pay wages. The current version of the coupled model does not include a feedback between the tourism industry and reef state, i.e., an "unhealthy" reef with low coral cover and high algal biomass has no effect on tourist visits. This assumption is reasonable for short-term projections because the state of beaches and, to a lesser extent, the availability of archaeological sites are sufficient to attract tourists even if coral reefs are less appealing for SCUBA divers and snorkelers because of low coral cover (Torres 2002 ). In the longer term, poor water quality may affect the state of beaches and so result in a decline in the tourism industry (Nichols 1999) . However, this longer-term feedback is difficult to model because of a lack of information regarding pollutant levels that result in degraded beaches and the magnitude of declines in tourist numbers precipitated by such degradation.
External Drivers
External drivers for the coupled model are tourist flow, hydrodynamics, and disturbances to the biophysical system (Fig. 3) . As in SimReef, tourist flow is modeled using monthly tourism figures, and in turn drives resort development, population growth, and urbanization. Hydrodynamics is an indirect driver for the biophysical module of the coupled model in that larval connectivity is derived from particle tracking simulations that incorporate complex hydrodynamic features. Melbourne- Thomas et al. (2011b) demonstrate how larval connectivity drives emergent spatial variation in reef community structure in CORSET, and this variability will have consequences for the behavior and success of fishing fleets in the coupled model. Like CORSET, the coupled model enables simulation of disturbance events, namely hurricanes, coral bleaching, and coral disease events. These disturbances act to reduce coral cover, which has a flow-on effect for fish recruitment, and hence can also influence the success of fishing fleets in the coupled model. The current version of the coupled model does not include the effects of hurricanes on resorts and urban areas (as this was not a focus question for the original version of SimReef). However, given that hurricane damage to coastal areas has been an important socioeconomic driver for Quintana Roo in the past (e.g., the impacts of Hurricane Wilma; SourceMex 2005), future versions of the coupled model will include the effects of hurricanes on resorts and urban areas. We note that the disturbance driver in the coupled model does not include direct damage to coral reef habitats from anchors or from SCUBA divers and snorkelers as these effects are assumed to be localized, i.e., they occur on scales smaller than our 2 km x 2 km grid. No information is available about the cumulative impacts from direct damage that may manifest at larger spatial scales.
Preliminary Assessment of Model Behavior
Comparing coupled model outputs with single system results is perhaps the most obvious means of judging the value of expanding model scope by coupling biophysical and socioeconomic components. However, such a comparison was not straightforward with the existing independent models as they have been each been tuned to (and validated against) empirical values for the limited period for which data are available. This means that no independent test set remains for checking the coupled model against the single system models. Consequently, we leave that question for future exploration as more data become available. Instead, here we explore the "value-added" features of the coupled system made possible by its ability to examine scenarios that capture feedbacks and responses across an array of variables. We used two approaches to assess the general behavior of the coupled system: The aim of our first approach was to confirm whether the behavior of the coupled system broadly reflects that of the real system. We compared average simulation end points from Monte Carlo simulations of 10 runs (each covering an 11-year simulation period from [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] Table 1 ). Modeled catches for fish and lobsters were slightly lower than empirical values derived from fishery statistics, however, we note that, at least in the case of fish catches, derived values include catches of non-reef species from high seas fleets (which are not included in the coupled model) and so are likely to be overestimates. Model estimates for algal cover in Quintana Roo were higher than values reported by García-Salgado et al. Our second approach to evaluating the behavior of the coupled system was based on hypothetical scenarios of increasing tourist numbers in Quintana Roo over a 10-year period. This is intended as a preliminary demonstration of how the coupled system might be applied in scenario analysis for decision support once it has been more thoroughly evaluated. Census data for Quintana Roo indicate that annual tourist visits increased by a factor of two over the period 1994 (SEIGE 2010 . The scenarios we examined assumed an increase in annual tourist visits from the number of recorded visits in 2005 to between one and five times the 2005 figure over a 10-year period. We used mean modeled coral cover in the four Quintana Roo municipalities as the response variable for these scenarios. Coral cover is expected to decrease under increased tourist visits as high numbers of visits drive increased hotel building and urban development in the model, both of which act as pollution sources for adjacent coral reefs. Our results indicate that, in Cancun, which is already highly developed, there was no difference in average coral cover after 10 years between the "bestcase" scenario (where there is no further increase in tourist numbers) and the "worst-case" scenario (where tourist numbers increase by a factor of five over the 10-year period; Fig. 4 ). In contrast, there appears to be a threshold number of tourists that precipitates a pronounced drop in coral cover on reefs in Cozumel and Riviera Maya. Average modeled coral cover was highest on southerly reefs in Costa Maya, but declined steadily in this municipality between a 1.5-factor and 3.5-factor increase in tourist numbers. No additional loss of cover was apparent on reefs in Cozumel, Cancun, Fig. 4 . Average modeled coral cover in each of the four Quintana Roo municipalities under hypothetical scenarios for increasing tourist visits. These scenarios assume increases in annual tourist visits for the region by a factor of between one (i.e., no increase beyond the number of visits in 2005) and five (i.e., five times 2005 visits) over a 10-year period. Mean coral cover refers to the average cover for each municipality after 10 years. Error bars represent 95% confidence intervals from the 10 runs of the Monte Carlo simulation.
and Costa Maya for more extreme scenarios (>3.5-factor increases in tourist numbers).
DISCUSSION
There is increasing recognition among both scientists and decision makers of the complex, transdisciplinary nature of environmental management problems, and of the interdependencies between biophysical and socioeconomic systems and their dynamics. This complexity, combined with the need to consider social-ecological processes at multiple scales, is a key motivation for integrating different modeling approaches into higher-level simulation models (Villa and Costanza 2000, van Delden et al. 2007; Gurney et al. unpublished manuscript) . Here, we demonstrate an approach to coupling biophysical and socioeconomic models for coral reefs in the Mexican state of Quintana Roo. Our coupled system has applications for decision support in coral reef management and the approach itself can inform further attempts to couple dynamic models for human-environment systems. As this modeling work is specific to coral reefs and associated human systems in the Quintana Roo region, we do not feel that it is appropriate to provide generalized prescriptions about coupling complex models.
Coupled Models and Coral Reef Management
Liu et al. (2007) synthesized results from six case studies from around the world to show that coupled systems exhibit a range of complex behaviors, including nonlinear dynamics, feedback loops, and thresholds, that are not evident in single-discipline studies. However, there have been limited attempts to capture both biophysical and socioeconomic Ecology and Society 16(3): 23 http://www.ecologyandsociety.org/vol16/iss3/art23/ dynamics in simulation models for coral reef systems, and documented instances of coupled models are specific to reef systems in developed countries and are not at a whole-of-system level, i.e., they incorporate only some components of the broad structure of reef systems. The coupled system we have presented has the ability to capture socialecological feedbacks that have implications for reef management in the Mexican state of Quintana Roo. Our hypothetical scenarios for increasing tourism development in this region demonstrate the utility of the coupled system in examining ecological responses to socioeconomic forcings, beyond the simplistic assumptions about increases in sedimentation and nutrification presented in Melbourne- Thomas et al. (2011a, b) . We note that this example of the advantages of using coupled models is specific to the Quintana Roo coastal system, and readers are referred to Gurney et al.
(unpublished manuscript) for a broader discussion of the utility of coupling biophysical and socioeconomic models for understanding and managing human-natural systems.
Predicting the social-ecological impacts of the southward expansion of tourism development in Quintana Roo is a key concern for coastal management in the region (Bezaury et al. 1999) , as is the continued pressure from extensive coastal development in the northern municipalities of Cancun and Cozumel. Forcing our coupled model system with increased tourist visits over a 10-year simulation period suggests that tourism-driven coastal development alone is unlikely to result in further declines in coral cover on reefs near Cancun (Fig. 4) where coral cover is already low. However, model results indicate a threshold number of tourists that precipitate significant loss of coral cover on reefs in the three other municipalities (Cozumel, Riviera Maya, and Costa Maya). Tourism development appears to saturate at a certain level so that no further decrease in coral cover is evident in model projections where tourist numbers are greater than or equal to 3.5 times the number of visits in 2005. This pattern is evident for Cancun, an area that is already highly developed, and where reefs are correspondingly already substantially degraded. Reefs in other municipalities are less degraded, and hence there is room for further degradation (up to a point) under increasing pressure from tourism development. Given that the modeled impact of increasing tourist numbers on coral reefs in the Quintana Roo region is mediated by spatial patterns in resort development, and by complex ecological response such as increased algal growth due to nutrification and changes in spatial patterns of larval supply, our scenarios clearly demonstrate the advantages of using a spatially explicit, coupledmodel approach.
We emphasize that our example scenarios are heuristic; other socioeconomic and biophysical factors beyond raw tourist visits are likely to influence trajectories for tourism development and ecological change in Quintana Roo in the future. Given additional threats to reef systems not examined in our hypothetical scenarios, such as increasing frequency or intensity of mass coral bleaching and hurricanes, the regulation of tourism development is likely to be critical in ensuring as resilient a base system as possible. Without such regulation, degradation of the reef ecosystem in the region will make the system even more vulnerable to collapse under cumulative impacts. The coupled model provides a first estimate of the extent to which that development needs to be restrained to maintain reasonable coral cover and functionality of these coastal reef systems.
Dealing with Complexity in Integrated Models
One particularly challenging issue when creating integrated social-ecological models is dealing with the resolution of representation of processes from all parts of the system. This is exacerbated when differing degrees of information are available on different components of the system. This was the case here where there were quite strong differences in sophistication in the representation of some processes (e.g., pollution moves inversely proportional to the distance from its source, whereas the representation of larval dynamics is quite detailed). Previous empirical work has shown that differential treatment of key processes is preferable to the omission of key processes of feedbacks simply because insufficient information is available for the development of a resolved formulation (Fulton et al. 2003 , Gray et al. 2006 ). In addition, recent work on the design and implementation of agent-based models has shown that thoughtful conjoining of model formulations of different types (e.g., pure individual-based and differential equation-based population representations) is an effective means of achieving computational savings without compromising the veracity of system-level simulations, even when done dynamically within a single agent type (Gray and Wotherspoon, in press ). This nicely lays the foundation for the coupling of existing models of different component parts of http://www.ecologyandsociety.org/vol16/iss3/art23/ ecosystems, so long as it is done with thought and carefully checked with regard to the realism of the projections and dynamics of the resulting integrated model.
The evaluation of the coupled model described above demonstrates that, in this case, the coupled system can generate realistic and interesting patterns, even though a range of socioeconomic and biophysical components have not yet been incorporated. Although inclusion of the missing components may further improve performance, trade-offs exist in terms of the complexity of coupled biophysical-socioeconomic systems (these are discussed further below). As a result, we think that the system we have presented is appropriately complex in the context our broad preliminary demonstration aims. Levins (1966) argues that models of biological populations must trade off generality, precision, and realism because of the complexity of biological systems, and the same is true for models of complex social-ecological systems. The degree of complexity included in a model will depend to a large extent on the question(s) that the model is intended to address and, as highlighted by Fulton et al. (2003) , complexity introduced for the sake of completeness achieves nothing if the resulting model is not useful in the context for which it was designed. Our discussion of limitations of our coupled model system for reefs in Quintana Roo relates to the issues of generality and complexity. At the end of this section, we provide recommendations for where efforts might usefully be focused in future attempts to develop integrated models, based on the limitations of our coupled system.
Limitations and Recommendations for Integrating Models
Coupling SimReef and CORSET sacrifices generality; although CORSET is portable between different biogeographic regions as a stand-alone model (Melbourne-Thomas et al. 2011a) , the coupled system is specific to Quintana Roo. This is because the existing SimReef tool is region specific; instead of deriving relationships for relatively well understood interactions between organisms (as in CORSET), SimReef was built using a series of assumptions based on much less understood socioeconomic trajectories. Indeed, for tourism development, clear and generic relationships among investment patterns, environments, and resorts have not been described and are unlikely to exist. This is because sociocultural systems (e.g., those in place along the coast of Quintana Roo) exhibit a series of unique socioeconomic characteristics. For example, in Quintana Roo, the central government has a major role in executing the state-wide tourism development plan, the proximity of the United States makes it a highly attractive tourist destination for that large tourist market, and there are strong socioeconomic consequences of drug trafficking in the region (mentioned briefly by Murray (2007) , but otherwise poorly documented). Together, these make drawing out generic interaction rules that might be applied elsewhere very difficult. Achieving a portable social-ecological model framework for coral reef systems is a difficult task given the highly contextual nature of many socioeconomic processes. Although the ecological processes that are fundamental to coral reef dynamics can be described by a generic model framework that applies for very different kinds of reef systems around the world (as demonstrated by Melbourne-Thomas et al. (2011a, b) ), socioeconomic processes are less amenable to such an approach. Generic socioeconomic models must be based on meta-theories of human decision making (Jager and Janssen 2001) . However, many social scientists would argue that such a broad-brushed approach is unlikely to adequately capture the processes driving human-ecological interaction at local or regional scales in particular areas (Cleland et al. 2010 ).
In addressing complexity for the Quintana Roo reef system, we have attempted to create a "minimumrealistic" model (sensu Punt and Butterworth (1995) ) for social-ecological dynamics. However, some potentially important processes have been excluded, which we discuss separately for the socioeconomic and biophysical modules of the coupled system, as well as for the coupling mechanism itself. The socioeconomic module of the coupled system does not yet capture shifting of livelihoods between fishing and tourism industries. This is limiting because livelihood shifting is likely to have occurred in Quintana Roo over the past 30 years, particularly in response to the tourism boom in the north of the state. However, data are not available to confirm whether fishermen left the fishing industry to take up construction and hospitality work in response to this boom. We also note that fuel costs to fishermen are not modeled, even though this factor may influence fisher decisions about how far to travel to fishing grounds. In terms of the tourism industry, our model does not http://www.ecologyandsociety.org/vol16/iss3/art23/ capture the negative social consequences of the growth in tourism for communities in Quintana Roo that are summarized by Murray (2007) . Future versions of the model could potentially include some index of social welfare. Other socioeconomic components that could, and probably should, be included in future versions of the model are cruise ships, conservation bodies, agriculture and construction industries, drug trafficking, and patterns of investment in tourism development (as addressed in Kandelaars (2000) ). Incorporating probability distributions for selected socioeconomic variables would also represent an improvement to future versions of the socioeconomic module.
The biophysical module of the coupled system includes a simple representation of lobster population dynamics. Although this is an improvement on the passive representation of lobster stocks in SimReef (where biomasses have a given probability of regeneration following harvesting), it requires further refinement. In particular, lobster recruitment could be modeled using data from transport simulations for spiny lobster larvae, which are currently being conducted for the Meso-American region (M. J. Butler, personal communication) . Other biophysical components that could be explored in future versions of the model include: (i) spawning aggregations for the Nassau grouper (Epinephelus striatus; e.g., at Banco Chinchorro) that are important for the population dynamics of this commercial fish species but that are highly vulnerable to overfishing (Aguilar-Perera and Aguilar-Dávila 1996, Heyman and Requena 2003) , and (ii) the role of nursery habitats, particularly mangrove forests, for coral reef fish species (Mumby et al. 2004 ). Finally, a key limitation of the coupled system in terms of the complexity of the coupling mechanism itself is the absence of feedbacks between reef state and the tourism industry. Such feedbacks are difficult to model in the absence of information about the degree to which "reef health" is important to tourists. As indicated previously, this is not likely to be a problem for short-term projections, but may be an issue in making longer-term predictions of reef futures in the region.
In light of these limitations, we make the following recommendations for where efforts might usefully be focused in future attempts to couple biophysical and socioeconomic dynamics for coral reef systems: q An important knowledge gap in understanding and modeling socioeconomic dynamics relates to the factors that influence "livelihood switching" in coastal communities, and the ways in which transitions between alternative livelihoods might be incorporated into simulation models. Cultural factors are often important in determining the willingness of stakeholders to change livelihoods (The Nature Conservancy 2008 , Cruz-Trinidad et al. 2009 ) and should be considered in models of socioeconomic dynamics.
q For regions such as Quintana Roo, where the tourism industry is a critical component of the social-ecological system, there is a need for improved understanding of the feedbacks between "ecosystem health" and tourism appeal. In particular, what level of environmental degradation will tourists tolerate in a given region or locality, and how does the behavior of tourists influence degradation? (Acknowledging the fact that there are different kinds of tourists with different interests and tolerance for environmental degradation (Jones et al. 2010 )) q Careful consideration should be given to the trade-offs between generality (or portability) and complexity in developing coupled biophysical-socioeconomic systems. Where the development of a portable model framework is an important consideration, methods need to be developed to accommodate contextual differences in socioeconomic processes between regions.
We emphasize that these recommendations are specific to coastal communities and coral reef systems; Gurney et al. (unpublished manuscript) provide more general recommendations for best practices in building interdisciplinary models.
Next Steps
Our demonstration of model coupling for the socialecological coral reef system in Quintana Roo is the first step in a multi-stage process of model development, testing, and refinement. The next steps in the process will involve: (i) a more detailed assessment of model behavior over the time series http://www.ecologyandsociety.org/vol16/iss3/art23/ (Grimm and Railsback 2006) and can also help to identify critical knowledge gaps. Evaluating the consequences of different treatments of similarly complex processes (for example, the well-informed representation of larval transport vs. simple treatment of pollutant dispersal in our coupled model system) is a key challenge in terms of alternative modeling assumptions and is also limited by available knowledge and data. We hope to make a tested version of our coupled model available to support decision making in coral reef management. Our approach can also be used to inform the development of an integrated, portable model framework that captures the social-ecological processes of importance for coral reef systems. 
